1 Synthetic nanost. ructures consisting of blomacromolecules 2 such as nucleic acids have been constructed using bottom·up 3 approaches 1 • 2 • In particular, Watson-Crick base pairing has 4 been used to construct a variety of two· and three·dimensional s DNA nanostructures 3 • 10 • Here, we show that RNA and the ribo· 6 somal protein L7Ae can form a nanostructure shaped like an 1 equilateral triangle that consists of three proteins bound to 8 an RNA scaffold. The construction of the complex relies on 9 the proteins binding to klnk·turn (K·turn) motifs In the 10 RNA ,,., 3 , which allows the RNA to bend by ""60° at three pos· 11 ltlons to form a triangle. Functional RNA-protein complexes 12 constructed with this approach could have applications in nano· 13 medlclne 14 • 15 and synthetic blology 14 •1 &-1s. 14 RNA can be used to design and build synthetic nanoscale objects 15 through a combination of naturally occurring structural motifs and 16 non-Watson-Crick motifs such as loop-receptor-interacting 17 motifs 19 , three-way junctions 20 and K-turn motifs2 1 .2 2 • For 18 example, synthetic RNA enzymes (ribozymes) have been designed 19 and developed by combining molecular design and in vitro evol-20 ution techniques with RNA scaffolds that have been computation-21 ally designed and catalytic cores that are obtained from a pool of 22 random sequences"-25 . However, it is difficult to produce a 21 va. riety of ribozymes and complex nanostructures using RNA 2~ alone 2 6-30 , and this has led to interest in the use of RNA-protein a~ b Tri-RNP-1 r~ r-L 7Ae A 16.7 nm complexes (RNPs). Here, we use the interaction between the box 25 C/D K-turn motif in RNA and the K-turn binding protein L7Ae 26 as a building element 11 ' 13 • 31 to design and synthesize a triangular 27 RNP. Atomic force microscopy (AFM) revealed that L7 Ae induces 28 a conformational alteration in the designed RNAs to form the tri-29 angular RNP objects. 30 We chose L7Ae and the box C/D K-turn (box C/ Dmw) because 31 they associate with high affinity, specificity and stability 32 ( Supplementary Fig. Sl and text) . We designed an RNP nanostruc-33 ture containing three box C/ Dminl motifs and three L7Ae proteins 34 (Fig. la,b) . The box C/ Dmioi K-turn RNA, which is relatively flexible 35 by itself, is bent to fix the bending angle of the K-turn at -60° by 36 binding to L7Ae (Fig. la) 13 ; we refer to this nanostructure as 37 'Tri-RNP' (triangular-shaped RNP). The Tri-RNP-1 (Fig. l b) was 38 designed to have one side with a length of 16.7 nm (including 39 both the double-stranded RNA (dsRNA) and L7Ae). The dsRNA 40 region was flanked by the box C/Dmini K-turn motifs to form 41 three apices ( Supplementary Fig. S2a ). L7 Ae could facilitate the for-42 mation of triangle-like RNPs by stabilizing the K-tum regions with o an angle of -60° between the axes, whereas the dsRNA by itself 44 could present heterogeneous RNA structures due to the flexibility 45 of the K-turn (Fig. le) . 46 Two complementary RNAs (large (L-1)-and short (S-1)-strand 47 RNAs) were prepared and hybridized to generate LS-1 RNA 48 c ---------Q 0 0 Strands L S Mix ~ L7Ae Q Figure 1 I Molea.ilar design of the triangular RNP (Tri·RNP). a, Induced-fit interaction between L7 Ae and the K-turn RNA motif. b, Three-dimensional model
complexes (RNPs). Here, we use the interaction between the box 25 C/D K-turn motif in RNA and the K-turn binding protein L7Ae 26 as a building element 11 ' 13 • 31 to design and synthesize a triangular 27 RNP. Atomic force microscopy (AFM) revealed that L7 Ae induces 28 a conformational alteration in the designed RNAs to form the tri-29 angular RNP objects. 30 We chose L7Ae and the box C/D K-turn (box C/ Dmw) because 31 they associate with high affinity, specificity and stability 32 ( Supplementary Fig. Sl and text) . We designed an RNP nanostruc-33 ture containing three box C/ Dminl motifs and three L7Ae proteins 34 (Fig. la,b) . The box C/ Dmioi K-turn RNA, which is relatively flexible 35 by itself, is bent to fix the bending angle of the K-turn at -60° by 36 binding to L7Ae (Fig. la) 13 ; we refer to this nanostructure as 37 'Tri-RNP' (triangular-shaped RNP). The Tri-RNP-1 ( Fig. l b) was 38 designed to have one side with a length of 16.7 nm (including 39 both the double-stranded RNA (dsRNA) and L7Ae). The dsRNA 40 region was flanked by the box C/Dmini K-turn motifs to form 41 three apices ( Supplementary Fig. S2a ). L7 Ae could facilitate the for-42 mation of triangle-like RNPs by stabilizing the K-tum regions with o an angle of -60° between the axes, whereas the dsRNA by itself 44 could present heterogeneous RNA structures due to the flexibility 45 of the K-turn ( Fig. le) . 46 Two complementary RNAs (large (L-1)-and short (S-1)-strand 47 RNAs) were prepared and hybridized to generate LS-1 RNA of Tri-RNP-1 composed of two RNA strands (the L-1 strand is shown in blue and red, the S-1 strand in green and grey) and three L7Ae proteins (yellow). Three K-turn regions can be observed (red and grey). c, Schematic representation of the triangular RNP formation. In the absence of L7 Ae, two RNAs form heterogeneous stl'1.lctures, including triangular, linear, circular or multimer forms composed of sets of L/S strands. In the presence of L7 Ae, the three K·turn regions are fixed at -60°, which facilitates the formation of the designed triangular RNP. 10 three L7 Ae proteins interacted with the three box (SID mini motifs 11 in the RNA in the presence of excess L7 Ae ~ A derivative 12 of the skeletal RNA (LS-I RNAmut) ( Supplementary Fig. Slb ) 13 resulted in an impaired shift ( Supplementary Fig. S3a ). A derivative 14 ofL7Ae (L7AeK37K79A; L7AeKKmut) with a weaker affinity to box 15 C/ Dmini also failed to yield the shifted band under the conditions we 16 used ( Supplementary Fig. S3b ). Thus, it is conceivable that the skel-17 eta! RNA with K-turn motifs selectively interacts with L7 Ae to form 18 an RNP. 19 We next analysed the structure of the RNP using AFM 20 ( Supplementary Fig. S4 ). In the absence of L7 Ae, heterogeneous 21 RNA structures (for example, circular, linear, triangle-like or ellip-22 tical) were observed, presumably due to the flexible K-turn struc-23 tures in LS-1 RNA ( Fig. 3a , left; Supplementary Fig. SS, top) . As 24 expected, the number of triangular RNPs increased in the presence 25 of L7 Ae (Fig. 3a , middle; Fig. 3b ; Supplementary Fig. SS, middle) . 26 Furthermore, the numbers of multirners (doughnut-like shapes) 27 and linear RNA structures were reduced in the presence of L7 Ae 28 ( Fig. 3a ; Supplementary Fig. SS , top versus middle). AFM analyses 29 confirmed that the facilitated formation of the triangular structures 30 was due to the presence of both LS-I RNA and L7 Ae (Fig. 3a) . In 31 contrast, LS-1 RNAmut> which contains the heterogeneous RNA 32 structures, did not form the triangular shape in the presence of 33 L7 Ae ( Supplementary Fig. S6 ). Si. milady, fewer structural conver-34 sions were observed for the mixture of LS-1 RNA and L7 AeKKmuL 35 ( Supplementary Fig. SS, bottom) . These results indicate that L7Ae L-1 strand+ S-1 strand + l7 Ae To investigate whether the lengths of the three sides of each ditions (1.S mM MgC1 2 and lSO mM KC!). However, the number of 78 48 triangular object were close to identical, the standard deviation of such triangular RNAs was reduced significantly, and the number of 79 49 the three side lengths of each object (coefficient of variation of the linear and circular RN As increased, in the presence oflower concen-so 50 three side lengths; 44 objects in total) was determined. The majority trations of metal ions (no MgC1 2 and 30 mM KCl) ( Fig. 4c, top) . The 81 51 of the objects turned out to have an equilateral-triangle shape addition of L7 Ae facilitated the conversion of LS-2 RNA into the 82 52 ( Supplementary Fig. S7 ), allowing us to assume that the actual triangular structure (Fig. 4c, Supplementary Fig. 54 ).
We have demonstrated that RNP can be used to design and con-2 struct nanoscale triangular structures. Three proteins can be 3 attached to the apices of the RNA triangle to minimize steric hin-4 drance between the proteins; the rigid RNA rods physically separate s the proteins. This RNP design could potentially form a multifunc-6 tional agent for biological applications 14 • 33 • For example, the triangular RNP could be used for controlling cellular signalling by means of some cell surface receptors (for example, tumour necrosis 9 factor receptors) known to function as a trimer; certain receptors 10 send signals only when trimerized or oligomerized 34 ..3 5 • The relative 11 orientation of the three components of the receptors could be fixed 12 by the cognate three ligands at the three apices of the resizable RNP. 13 Thus, the RNP triangle could be used as a potent agonist or antag-14 onist for this application. Moreover, because RNA can be tran-1s scribed in cells. RNP nanostructures that are produced in vivo will 16 be usable in regulating biological functions in cells. In addition to the L7Ae K-turn structure, many other high-resolution structures 17 of RNP are known, including ribosomes and other ribozymes 17 • 36 • 1s
Incorporation of their numerous RNP motifs in nano-architecture 19 will significantly expand the repertoire of designable and usable 20 nanosized molecules. In contrast to DNA nanotechnology, which 21 relies on Watson-Crick base pairing3· 10 to build nanostructures, 22 our strategy using proteins to in~uce structural changes is advan-23 tageous, because it may be possible to construct RNA-protein com-24 plexes with functionalities comparable to ribosomes. (PCR) with KOO-plus DNA polymerase (Toyobo). All RNA molecules were 14 3 structure was compared with the energy-minimized structure. We confirmed the transcribed in vitro by a MEGAshortscript kit (Arnbion). To purify the transcripts, 15 4 lack of significant structural differences between the two structures, indicating that denaturing polyaCI'}famide gel electrophoresis (PAGE) was performed. After the 16 5 the designed model was relatively stable. Molecular designs and simulations were recovery of RN As, their concentrations were measured in a NanoDrop (Thermo 17 6 performed with Discovery Studio (Accelryo). To ensure that the three double-helix Scientific). 18 regions selectively formed the designed secondary structure, the sequences of the DNA tetrahedral nanostructure were used'.
Protein p reparation. L7 Ae and its mutant (L7 AeK37K79A) were prepared as 19 described previously 12 
